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The generation of a quasi-monoenergetic electron beam in laser-driven plasma acceleration is
reported. A monoenergetic electron beam with an energy of 7 MeV was emitted from a high-density
plasmaselectron density.1020 cm−3d produced by a 2 TW 50 fs laser pulse. The divergence of the
monoenergetic beam was ±1.2°. The first Stokes satellite peak of stimulated forward Raman
scattering was observed in the spectrum of the light transmitted through the plasma. The plasma
wave was excited in the region of which electron density was around 1.331020 cm−3. The
acceleration length was estimated to be 500mm from the length of the side-scattered light image.
It is considered that the monoenergetic beam generation is due to the matching of the acceleration
length to the dephasing length determined by the velocity difference between the accelerated
electrons and the plasma wave. ©2005 American Institute of Physics. fDOI: 10.1063/1.1949289g

Particle acceleration via the interaction of an intense la-
ser pulse with a plasma has been intensively studied to real-
ize an advanced compact accelerator1 since the fundamental
concept was proposed.2 An electron beam with the maximum
energy of up to 200 MeV has been obtained using a high-
repetition-rate laser system.3 However, the observed energy
spectra of accelerated electrons have so far been Boltzmann-
type or power-law distributions, and the energy spreads have
been large. The key issue in realizing an advanced compact
accelerator based on laser-driven plasma acceleration is the
generation of a monoenergetic electron beam. It has been
reported that a peak was observed in the energy spectrum of
accelerated electrons from a low-densityselectron density
ne,1016 cm−3d plasma produced inside a 1 cm long
capillary.4 On the other hand, it has been also reported that
peaks between 6 and 15 MeV were observed in the energy
spectra of accelerated electrons from a high-densitysne

,1020 cm−3d plasma.5 The peak formation in the electron
energy spectrum suggests that electrons trapped and acceler-
ated in a plasma wave enter the deceleration phase. To real-
ize such a condition, the plasma wave should be excited
beyond the dephasing length, which is determined by the
velocity difference between the accelerated electrons and the
plasma wave. In the linear regime, the dephasing lengthLd is
given by Ld,gp

2lp. Here,gp and lp are the Lorentz factor
for the phase velocity of the plasma wave and the wave-
length of the plasma wave, respectively. For a low-density

plasma, it is necessary to use a capillary, as shown in Ref. 4,
in order to make the plasma length longer, because the
dephasing length is the order of centimeter. As the electron
density becomes higher, the dephasing length becomes
shorter. The dephasing length in the linear regime is esti-
mated to be 58mm at the electron density of 1020 cm−3 for
800 nm laser light. Such short plasma length can be achieved
in a gas jet. However, the excitation of a plasma wave has
not been observed in a high-densitysne,1020 cm−3d plasma,
although the generation of a multi-MeV electron beam has
been observed.6,7 It has been considered that the dominant
acceleration mechanism is direct laser acceleration8 or sto-
chastic acceleration.9 In contrast, the peak formation in the
electron energy spectrum reported in Ref. 5 suggests the
electron acceleration via the plasma wave as well as the pos-
sibility of monoenergetic beam generation in a high-density
plasma.

In this letter, we report the demonstration of quasi-
monoenergetic electron-beam generation in laser-driven
plasma acceleration as well as the evidence of the excitation
of a plasma wave. A monoenergetic electron beam with an
energy of 7 MeV was emitted from a plasmasne

.1020 cm−3d produced by a 2 TW Ti:Sapphire laser pulse.
We observed the excitation of a plasma wave by the mea-
surement of the spectrum of the light transmitted through the
plasma and the side-scattered light image.

Figure 1 shows the experimental setup. The experiment
was performed with a Ti:Sapphire laser system which deliv-
ered a 100 mJ pulse with 50 fs duration. The center wave-
length was 800 nm. The 50 mm diameter beam was focused
on a supersonic gas jet using an off-axis parabolic mirror
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with the focal length of 165 mm. The spot diameter was
5 mm at the full width at half maximum. The laser intensity
was estimated to be 531018 W/cm2 corresponding to the
normalized vector potentiala0=1.5. The contrast ratio of the
prepulse, which preceded the main pulse by 5 ns, was 10−4.
A nitrogen gas jet was ejected from a supersonic nozzle at-
tached to a pulsed gas valvesGeneral Valve: Series 9d. The
exit diameter of the nozzle was 1.1 mm. The focal point was
set at 1 mm above the nozzle exit. The density profile of the
gas jet was measured with a Jamin interferometer. The mo-
lecular density at the nozzle center at 1 mm above the nozzle
exit was 1.531019 cm−3, when the filling pressure of the
pulsed valve was 30 bar. The barrier suppression ionization
model10 predicts stable ionization to N5+ under the laser in-
tensity of our experiment. The electron density at the nozzle
center was estimated to be 1.531020 cm−3. An energy spec-
trum of accelerated electrons was measured using an electron
spectrometer with a permanent magnet. The measured en-
ergy range was from 0.2 to 30 MeV. A slit was set in the
front of the magnet. The angular divergence was obtained for
an electron beam with small divergence. The acceptance
angle at 7 MeV was 4.6°. The electron energy spectrum was
recorded on an imaging platefsIPd Fuji Film: BAS-SRg. To
prevent exposure by scattered laser light, the IP was covered
with 15 mm thick Al foil. The sensitivity curve of the IP
reported in Ref. 11 was used. To investigate the acceleration
mechanism experimentally, we observed the spectrum of the
light transmitted through the plasma and the side-scattered
light image simultaneously with the electron-beam measure-
ment. A spectrum of light transmitted through a plasma was
observed through the hole on the rear side of the electron
spectrometer. The observed spectral range was from 650 to
1200 nm. The side-scattered light image was observed
through an interference filter of 800 nm.

Figure 2sad shows an energy-resolved electron image re-
corded on the IP. The image was obtained by the accumula-
tion of 90 laser shots. The small spot around 7 MeV indicates
the generation of a monoenergetic beam with small diver-
gence. Figure 2sbd shows the electron energy spectrum ob-
tained as the average of the 90 shots from the spatially inte-
grated image shown in Fig. 2sad. The number of electrons of
the monoenergetic beam was 2.73104 per shot. The energy
spread was 20%. The observed energy spread was deter-
mined by the low energy resolution of the electron spectrom-
eter. The monoenergetic beam may have much narrower en-
ergy spread. The beam divergence of the monoenergetic

beam was estimated to be ±1.2° from the transverse size of
the electron image. The normalized emittance«n is given by
«n=gsdu. Here, g, s, and du are the relativistic Lorentz
factor for electron energy, the radius of the electron source,
and the angular divergence at the half width at half maxi-
mum, respectively. Assuming that the electron source radius
is 2.5mm which is comparable to the laser spot radius, the
normalized emittance is estimated to be 0.7p mm mrad. An-
other small peak at 11 MeV was seen in Fig. 2sbd. Our pre-
vious result5 showed that peaks were formed at different en-
ergies, even though the laser energy, the pulse duration, the
focal position, and the fulling pressure of the pulsed valve
were fixed. Then, it is supposed that in some of 90 shots, the
peak at 11 MeV was formed due to the shot-to-shot variation
of the laser and/or gas jet conditions. As seen in Fig. 2sad, the
divergences±0.4°d of the 11 MeV beam was smaller than
that of the 7 MeV beam. The beam divergence can be
smaller for the higher-energy electrons, because the relative
transverse momentum becomes smaller due to the longer ac-
celeration length or the higher acceleration field. Similar re-
sults have been reported.3,6 Taking into account of the shot-
to-shot variation in 90 shots, it is noted that the number of
electrons is the lower limit and the beam divergence is the
upper limit.

Figure 3sad shows a typical spectrum of light transmitted
through a plasma, when the monoenergetic beam was emit-
ted. It is noted that the incident laser light around 800 nm
was attenuated by a multilayer mirror of 800 nm. The part
around 700 nm was the component of the ionization blue-
shift. The first Stokes satellite peak of stimulated Raman
forward scattering was observed at 1030 nm. The electron
density of the region, in which the plasma wave is excited,
can be estimated from the wavelength of the satellite peak.
Taking account of the relativistic effect fora0=1.5, the elec-
tron density was estimated to be 1.331020 cm−3. Figure 3sbd
shows a typical side-scattered light image. The laser light
propagated from left to right. The dotted circle shows the
position of the nozzle exit. The arrow shows the polarization
direction of the incident laser light. When the monoenergetic
beam was emitted, the strong side-scattered light image with

FIG. 1. Experimental setup.

FIG. 2. sColor onlined sad Energy-resolved electron image obtained by the
accumulation of 90 laser shots. The small spot around 7 MeV indicates the
generation of a monoenergetic beam with small divergence.sbd Electron
energy spectrum obtained as the average of 90 shots.

251501-2 Miura et al. Appl. Phys. Lett. 86, 251501 ~2005!

Downloaded 27 Aug 2005 to 218.225.127.131. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



a fish-bone structure was observed around the nozzle center.
The wavelength of the side-scattered light is similar to that
of the incident laser light, because the image was observed
through an interference filter of 800 nm. In addition, the
polarization direction of the side-scattered light is the same
as that of the incident laser light. It is supposed that the
side-scattered light is due to coherent Thomson scattering
induced by the excitation of a plasma wave.12 The electron
density of the region, in which the side-scattered light was
emitted, was estimated to bes1.0–1.5d31020 cm−3 from the
density profile of the gas jet. The electron density fairly
agreed with the electron densitys1.331020 cm−3d estimated
from the wavelength of the Stokes satellite. Then, it is rea-
sonable to infer that the plasma wave was excited in the
region where the side-scattered light was emitted. From the
length of the image, the length of the region where the
plasma wave was excited, that is the acceleration length, can
be estimated to be 500mm.

Here, we discuss the mechanism of the monoenergetic
electron-beam generation. When the electron density is 1.3
31020 cm−3, the dephasing length is estimated to be 68mm
by taking account of the relativistic effect fora0=1.5. The
dephasing length is much shorter than the acceleration length

of 500 mm. In such case, the acceleration and the decelera-
tion can be repeated. The acceleration length is nearly equal
to seven times the dephasing length. This is equivalent to the
case where the acceleration length is nearly equal to the
dephasing length. Under such a condition, the self-bunching
of electrons entering the deceleration phase can form the
monoenergetic peak. It is considered that the monoenergetic
electron beam generation was due to the matching of the
acceleration length to the dephasing length.

In summary, a monoenergetic electron beam with an en-
ergy of 7 MeV was emitted from a plasmasne.1020 cm−3d
produced by a 2 TW 50 fs laser pulse. The divergence of the
monoenergetic beam was ±1.2°. A plasma wave was excited
in the region of which electron density was around 1.3
31020 cm−3. The acceleration length was estimated to be
500 mm from the side-scattered light image. The generation
of the monoenergetic beam was due to the matching of the
acceleration length to the dephasing length. The quasi-
monoenergetic electron beam generation will give us a
breakthrough to achieve an advanced compact accelerator
based on laser-driven plasma acceleration.
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FIG. 3. sad Spectrum of the light transmitted through the plasma, when the
monoenergetic beam was emitted. The first Stokes satellite peak of stimu-
lated forward Raman scattering was observed at 1030 nm.sbd Side-scattered
light image observed through an interference filter of 800 nm when the
monoenergetic beam was emitted. The polarization direction of the side-
scattered light was the same as that of the incident laser light.
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